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Study on educational system with three-dimentional images and
structures which can change form
Oshima Teppei
Abstract: In the current eld of education, Information and Communication Technol-
ogy (ICT) devices such as a projector and an electronic blackboard, etc. are mainly used
for teaching method to students. However, they are described by plane gures. When
the curriculum progresses, students will come increasingly to imagine three-dimensional
(3-D) structures from plane gures. As a method of understanding the 3-D, it is possible
to put shadows or to express a part which is not visible from the front by the broken
line or to combine some of gures. However, it is dicult to conlm whether students
are able to have correct images. Therefore, in my study, I have developed a 3-D teaching
method using the structure which can change form a two-dimensional (2-D) mode into
a 3-D mode and the digital holography. A method for creating a strong structure when
the two endpoints are pulled has been developed. Structure according to this method
is reversible, therefore it is also possible to return a 2-D mode from a 3-D mode. It is
possible to make a curved body such as a sphere or spheroid which is dicult to mold
from a sheet like a paper. Since structure with our method is able to see the change from
the planar state to the solid state, it is superior in terms of converting the plane view to
3-D images. In addition, it is dicult to prepare a number of students because the 3-D
object takes a lot of storage space. However this structure can not troubled in the storage
space because it is made of paper and become the plane. In that point, there is the advan-
tage of simply introduction. I have created educational materials about the astronomical
education, and actually asked to create and use in junior high school students, and ware
conducted a questionnaire. The digital holography is a technique for recording the in-
terference fringes of an object by the image pickup element such as a Charge-Coupled
Device (CCD), and reproducing a computer. Among them, in-line digital holography,
which has the light from the object (object light) and reference light on the same straight
line, can take a photograph easily, so it has been widely used. However, when I play
in-line type, there is a double image problem that the reproduced image is degraded by
overlapping the desired image (object light) and unnecessary image (conjugate light and
transmitted light). To solve this problem, \periphery method" and \random phase shift
method" have been proposed. \periphery method" is a method of reducing the inuence
of the double image by putting a diuser plate that can randomly change the phase of the
incident lignt on the periphery of the object, photographing a hologram, and performing
iterative calculations. \Random phase shift method" is a method of taking out an object
light using by phase shift method with modulating reference light randomly. In these two
approaches, because the photographing of object is only once, it is possible to observe
in motion. Furthermore, focusing on points that can be executed by the same optical
system, I developed a reproduction calculation algorithm that combines two methods. As
a result, by using the initial values proposed here in the simulation, the improvement of
quality of the reproduced image can be realized.
Key words : three-dimensional structure, paper craft, globe, educational tool, digital
holography
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? 2.19???????????????????????????????????
??????????????????????????
? 2.19: ?????
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?3? ????????
1? ????
????????????????????? 3.1??????? A???????
????????????????????????????????????????
????????????????????????????????????
? 3.1: ????????????
?????????????? 3.2???A???????????????????
????????????????????????????????????????
?????????????????????
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? 3.2: ?????????????
???? 3.3?B???????????????????????????????
????? 2??????????????????????????????????
?????????
? 3.3: ????????
??????????????????2?????????????????????
? 3.4?? 3.5????
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? 3.4: ???
? 3.5: ???
? 3.4????????????????????????????????????
????????? 5??????????? 3.5?????????????????
?? 5??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????3????????????????????????????????
???????????????????
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???????????????????????????????????????
?????????????? 3.6? (a)?????????????????????
??????????? 3.6? (b)????????????????????????
????????????????????????????????????????
????????? 3.6? (c)?????3????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????
? 3.6: ??????
???????????????????????????????????????
????????????????????????????????????????
????
2? ???????
??????????????????? 1???????????????????
????????????????????????????????????????
24
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????
???????????????????????????????????? 3??
??42?????? (? 3.7)?
? 3.7: ?????
4? 1????????????????????????????????????
??????????????? 3??A, B, C??????????
???????????????????????????????
????????????????????
???????????????????????
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? 3.8: ??A??B????????
? 3.9: C????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
? 47??????????????????????? 43??????????????
10??????????????????????????????????????
??? 85????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
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?????????????????? 50????????????????????
????????????
???????????????????????????????????????
????????????????????????????????????????
????????????? (? 3.10)?
? 3.10: ?????
?????????????????? 10?15?????????????????
????????
3? \??"????
????????????????????????????????????\??"
????????????????????????????? (? 3.11)?????\?
?"???????????????????? \??"????????
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? 3.11: ???????????
?????:?????????
4.1????? \??"????????????? 3.12??????????????
????????? 75.5??????????? 3.13? \??"????AB?????
????75.5???????????? \??"????????????????AB?
??????AA'?????????\??"????????????????A??
???????AA'?????????????? 75.5???????????B??
????
28
? 3.12: ?????????????
? 3.13: ???? \??"??AB????
\??"?????????AB?????????????? \??"???????
????????????????????????????????????????
????????? \??"?????????????????
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? 3.14: ???? \??"??DE????
??????? \??"??DE?????? 3.13? 75.5????????? 3.14??
?DD'????????????????????????????????????
??????????????\??"??????????????????????O
?????????OC????????????????????D????????
??DD'?????????? E?????????ABED????? \??"????
? 3.15: ???? \??"???
???? \??"????????? 3.15??????????AA"?????? 104.5
30
?????A????????AA'???????A"?????????O?????
?? 4?? 1???O'?????OO'????B????????BB'???????
B"?????????ABB"A"????? \??"??????????????? 4?
? 1???????? \??"??????? 12??????????????????
????? (? 3.16)?
? 3.16: ???????
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?????:?
????????? \??"????????
? 3.17: ????
?????? 8???????????? 3.17?????????????????
??? z????? 90????????x?????????????????????
? 8??????????????? a?b????????? z?????? c?d??
??? 8?????? e?f?g????7?? aefgbdc??? S????????????
?? (? 3.17??)?
???? bd?????????? bg???????????? 157.5??????
???
? 3.18: ?? \??"????
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???????? \??A"??????????A???? 157.5????????
?????\?? A"???????????????????\?? A"?? NM???
????????????????????????????????????????
????\??A"?? PQ??? 3.14?????????? P???????? PP'?
???????Q??P??????????\??B"??P'T? y?????????
???? \??"???????????\?? B"?? RS?????? R??????
??RR'???????? S??R???????????????????????
?????????? 3.19???????????????????????? 3.20?
???
? 3.19: ?????????
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? 3.20: ???????????
????????? 8??????????????? 2?????????????
? 1??????????4?? \??"???????2?? \??"?????????
????????????????????????????????????????
???????????????????????????????????????
\??"????????????????????????????????\??"??
????????????????????????????????????????
???????????????????????????????????????
????????????????? 4? 1?? 50?????????????????
??????????90?????????????????????? 60?????
???????????????? 4? 1???30?????????????????
????????????????????????????????????????
????????? \??"???????????????????????????
????????????????????????????????????????
??????????????????????????
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?4? ??????
?????????1948 ???????????????????????????
????????????????????????? [7]?????????????
???????????????????????????????????????
????????????? 3???????????????????
???????????????????????????????????????
????? CCD ?CMOS???????????????????????????
????????????????????????????????3???????
????????????????????????????????? [20{22]???
??CCD ???????????????????????????????????
?????????????????????????????????
1? ????????????
? 4.1????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
UO????? UR??????????????
UO(x; y) = jUO(x; y)j exp[j(x; y)] (4.1)
UR(x; y) = jUR(x; y)j exp[j (x; y)] (4.2)
?????????????????? I?????????
I = jUO(x; y) + UR(x; y)j2
= jUO(x; y)j2 + jUR(x; y)j2 + URUO + URUO
(4.3)
???????????????????????????????????????
???? tA?
tA(x; y) = tb + 
0
(jUOj2 + jUR(x; y)j2 + URUO + URUO) (4.4)
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??????? tb?? 0?????????????????????????
? 4.1: ?????????
???? 4.2?????????????????????????????????
3????????????????????????UR(x; y)???????????
??????????????????????
UR(x; y)tA(x; y) = tbUR + 
0
URjUOj2 +  0jUR(x; y)j2UR +  0URURUO + 
0
URURU

O
= U1 + U2 + U3 + U4 + U5
(4.5)
? (4.5)?U4?????UO??????????????????????????
???????????????U1; U2; U3? UO?????????????????
?????????????U5?????????UO???????????? (??
??)????????????????????? (???)????? 4.2??
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? 4.2: ??????????
1.1 ??????????????????????
? 4.3????????????????????????????????????
????????????????????????????????????????
??????????????????????????????
???????????? t????????????
t = t0 +t (4.6)
????t0?????????????????t????????????????
?????
??????????1????????????????????????? (4.4)
?????????????????????????B??????????????
?????
B(x; y)tA(x; y) = tbB + 
0
BjUOj2 +  0BjURj2 +  0BURUO + 
0
BURU

O
= B1 +B2 +B3 +B4 +B5
(4.7)
????
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? 4.3: ????????? (??????)
B1?B2?B3?B4?B5??????U1?U2?U3?U4?U5?????????????
??????? 2???????? 4.4??????????????????????
???? 2????????????? 2?????????????????????
???????????????????????????
? 4.4: ?????????? (??????)
?? 2??????????????????????????????? [8, 9]?
1.2 ????????????????
???????????????????????????????????????
??? ????????? 2??????????? (? 4.5)???????????
?????????????????????????????????????? (?
4.6).
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? 4.5: ????????? (???????????)
? 4.6: ?????????? (???????????)
? 4.3????????????????????? ???????????????
???????????? U ??
U(x; y) = UR exp( j2y) + UO; (4.8)
???????UR???????? = sin 2=?????????????????
???????????
I(x; y) = jUR(x; y)j2 + jUO(x; y)j2 + URUO exp(j2y) + URUO exp( j2y) (4.9)
????
?????????????
tA(x; y) = tb + 
0
(jUO(x; y)j2 + URUO exp(j2y) + URUO exp( j2y))
= tb + 
0jUO(x; y)j2 +  0URUO exp(j2y) + 
0
URU

O exp( j2y)
= t1 + t2 + t3 + t4
(4.10)
????
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??????????B??????????????????
B(x; y)tA(x; y) = tbB + 
0
BjUO(x; y)j2+  0BURUO exp(j2y) + 
0
BURU

O exp( j2y)
(4.11)
????? (4.5)????????????????? 3??? 4?????? 3????
?UO?????? (??)??? 4?????????UO?????? (??)????
????????exp(j2y)???????????? ??????exp( j2y)?
?????????? ????????????????????????????
???????????????????????????????? ??????
??????????B?????
 = 3B (4.12)
????????????????????????????????????????
? 3??????????????????????????????????????
?CCD????????????
2? ??????
???????????????????????????????????????
????????????????????????????????????????
????? [21] ?
2.1 ???????
???????????????????????? (fX ; fY )???????????
?????????z = 0??????? U(x; y; 0)????????????????
??????????
A(fX ; fY ; 0) =
ZZ
U(x; y; 0) expf j2(fXx+ fY y)gdxdy (4.13)
?????? ~k??????????????
p(x; y; z) = exp[j~k  ~r] (4.14)
??????~r??????????????
~r = x
~x
jxj + y
~y
jyj + z
~z
jzj (4.15)
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??????3????? r = (x; y; z)??????????????????????
??? (? 4.7?)?
~k????????????????
~k =
2

(
~x
jxj + 
~y
jyj + 
~z
jzj) (4.16)
????????? 2

? (; ; )????????????????????????
?????? (? 4.7?)?
? 4.7: ?????????????
?????????????????????? 4.8???????????????
??? 2?????????? (4.14)????? ~k  ~r???????????????
???????????????? 4.8???????? 4.8????????????
??????????????????~a?????????????????????
???????~k  ~r?~k  ~r0????????~r0 = ~r+~a???????????????
????
~k  (~r + ~a) = ~k  ~r + ~k  ~a (4.17)
?????? (4.17)?~k  ~r??????????~k ~a = 0?????????????~k
??????????????????
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? 4.8: ?????????
????? (4.14)??????????
p(x; y; z) = exp

j
2

(x+ y + z)

(4.18)
???????z = 0???????????
p(x; y; 0) = exp

j
2

(x+ y)

(4.19)
????????? (4.13)? x? y?????????fX = =?fY = =?????
????
A



;


; 0

=
ZZ
U(x; y; 0) exp

 j2(

x+


y)

dxdy (4.20)
?????
???????????????????? 4.9?????x-y??????z????
z??? x-y????? U(x; y; z)?????????
A



;


; z

=
ZZ
U(x; y; z) exp

 j2(

x+


y)

dxdy (4.21)
????????????????
U(x; y; z) =
ZZ
A



;


; z

exp

j2(


x+


y)

d


dy


(4.22)
?????????????????r2U + k2U = 0?????????????A?
?????
d2
dz2
A



;


; z

+

2

2
(1  2   2)A



;


; z

= 0 (4.23)
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???????????????????
A



;


; z

= A



;


; 0

exp

jz
2

p
1  2   2

(4.24)
?????
p
1  2   2 = ??????exp

jz 2

p
1  2   2

= exp (jkz) ??z
???????????????z = 0???????A  

; 

; 0
??z???????
????????????????
? 4.9: ????????
2.2 ????????
???????????????????????????????????????
????????????????????????????????????????
???????????????
U(x; y; d) =
exp(jkd)
jd
ZZ
U(; ; 0) expfj k
2d
[(x  )2 + (y   )2]gdd (4.25)
?????? d??????????x?y???????????????????
j??????????k(= 2=)???????? (4.25)????????????
?????????????????
U(x; y; d) = exp(jkd)IFTfFTfU(; ; 0)gFTf 1
jd
exp(j
k
2d
[2 + 2])gg (4.26)
????FTfg?IFTfg???????????????????????????
(4.25)?(4.26)?????????????????????????????????
???????????????????? ????????????????
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????????????????????????????N ??????????
????
U(m1; n1; d) = exp(jkd)IFTfFTfU(m2; n2)gFTf 1
jd
exp(j
k
2d
[(m)2 + (n)2])gg
(4.27)
?????????m1; n1;m2; n2? ( N=2; N=2 + 1; ::; 1; 0; 1:::; N=2  1)????
3? ??????
1.1?????????????????????????????????????
???????????????????????????????????????
??????????(??????)?[10]????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????(????????)?[11{13]????????????????????
????(?????????????)?[14{16]??????????????? 1??
???
3.1 ???????????????
????????? 4.10???????????????????????????
?????????????????????????????? [10]????????
?????????????????????????????????
??????0?=2??3=2??????????????????R??????
???????4????????????????????????????????
???????????????? 4???????????????????????
I(0)?I(=2)?I()?I(3=2)?????????????????U0????????
????
U0 =
fI(0)  I()g+ jfI(=2)  I(3=2)g
4jRj (4.28)
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? 4.10: ??????????
3.2 ?????????????????
?????????????? 4.11??????????????????????
?????????????????????????????????????1??
????????????????????????????????????????
???????????? (??? 0??? =2?????????? (??? =2)?
1????????????????????????? 0???? =2??????
?? 2??????????? 4.11????????????? 0???? =2???
????????????????????????????????????????
??????????????????????????????????? 2????
??2????????????????????????????
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? 4.11: ????????????
U0 =
1
2jRj [fI(0)  ag   jfI( =2)  ag] (4.29)
a =
v  pv2   2w
2
(4.30)
v = I(0) + I( =2) + 2jRj2 (4.31)
w = I(0)2 + I( =2)2 + 4jRj4 (4.32)
????R???????????
???????????????????????????????????????
????????????????????????????????????2???
??????????????
3.3 ??????????????????????
????????????? (RP?)?????? 4.12????? 4.11??????
????????????????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
?????????
URP =
HuRl  HlRu
RuRl  RuRl
(4.33)
Hu = I1   I2   (jR1j2   jR2j2) (4.34)
Hl = I3   I4   (jR3j2   jR4j2) (4.35)
Ru = R1  R2 (4.36)
Rl = R3  R4 (4.37)
? 4.12: ?????????????????
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? 4.13: ????????????????
?????????????????? 4.13????????R1?R2?R3?R4???
????????RP??????????????????????????????
?????? 0? =2?????????????????????????????
????????????????????????????????????????
?????? 2?????????????????????????????????
????????????????????
?????????????????????????? (4.33)???? 0?????
???????????? 1???????????????????????????
????????????????????????????????????????
?????????????????????????
4? ????
CCD? CMOS????????????????????????????????
????????????????????????????????????????
?????
Gecherberg-Saxton ? (GS ?) [17]???????????????????????
??????????????????Error-Reduction? (ER?)?GS???????
?????????????????????????????????????? [23].
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Periphery method???????????????GS???????????????
????? [18,19]?
4.1 Gecherberg-Saxton?
?????CCD???????????????????????????????
?????????????????????????? ???????Gecherberg-
Saxton? (GS?)??? [17]?? 4.14?GS????????????????GS??
??????????? (jf j; )? jf j??????????????????????
?????????????????????????(jf j; )???????????
??????? (jF j;)???????? jF j????????????????????
???CCD??????????????????????????????????
???????????? jF 0j??????????(jF j;)? (jF 0j;)???????
? (???? A)?(jF 0j;)???????????????????? (jf 0j; 0)????
jf 0j????????? jf j??????????jf 0j? jf j???????????B??
???(jf j; )????????????????????
???????????????????????????0?????Error-Reduction
??ER???GS?????????????? [23]?
? 4.14: GS????????
4.2 Error-Reduction?
ER????GS?????? B??? (4.38)?????????????? 0???
?????????????????????????? (????C)????????
???????????????????????????? 4.15? ER??????
??????????
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f =
(
f
0? (??????)
0? (??????) (4.38)
? 4.15: ER????????
???????????????????????????????????????
4.3 Periphery method
Periphery method??????????????????????????????
????????????????????????????????
? 4.16: ?????????????????
???????????????????????????????????? (?
4.16)???????????????????????? Rh???????????
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Robj????
? 4.17: ???????? (??????)
??????????????????????????????????????
(? 4.17)??????????????? I????
???????????????????????????????????????
??????? Uh???????????
Uh =
p
I
Rh
jRhj (4.39)
?????????????????????????????????????Uobj
?????
Uobj = FhofUhg (4.40)
????Fhofg?????????????????????????Uobj?????
???????????????????????????? (????D)?
U
0
obj =
(
Uobj? (????????)
Robj?????? (???)
(4.41)
??????? U 0obj???????U
0
obj????????????
U
0
h? = FohfU
0
objg (4.42)
????Fohfg?????????????????????????U 0h?????
????????????? (4.39)???? (????E)??????????????
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??? Uh?????
Uh =
p
I
U
0
h(k)
jU 0h(k)j
(4.43)
???????????????????????? (? 4.18)?
? 4.18: Periphery method???????
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?5? ????
4??????????????????????????????????????
???????????????????????????????????????
??????? Periphery method????????????????????????
????????????????????????
1? ????
???????????????????? 5.1??Periphery method???????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????? 5.1?B??
Periphery method?RP??????????? 4.12?? 4.16??????????
????????????????????? (? 4.16)?RP??????? (? 4.12)?
Periphery method?????? ((? 4.17)?????????????????????
???????? (? 5.1?A)
RP????????????????????? Periphery method???????
????????????????????????????? (? 5.1?C)??????
?????????????????????
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? 5.1: ???????????
2? ?????Periphery method?????
Periphery method??????????????????????????????
?? 532[nm]?CCD??????? 9[m]??????????????? d? 20[cm]?
???
????????????????????????? (? 5.2)???? [24]????
???? 512 ? 512[pixel]??????????? 1,024 ? 1,024[pixel]???????
100%?????????????????????????????????Xorshift
??? [25]?????????????????? 9[m]??????????????
????????????????? 5.3??????? 100%???????????
????????????????????????????????????????
????????
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(a) ?? (b) ??
? 5.2: ???????? (512 ? 512)
(a) ?? (b) ??
? 5.3: ?????? (1,024 ? 1,024)
? 5.4? Periphery method???? 50???????????? 5.5???????
?? 50????????????????????????????????????
?????????? Periphery method?????????????????????
????????????????????????????????????????
?????
(a) ?? (b) ??
? 5.4: Periphery method
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(a) ?? (b) ??
? 5.5: ????
? 5.6: ??????? PSNR???
? 5.6????????PSNR(Peak Signal-to-Noise Rate)?????????????
???????????PSNR???? 14.6[dB]????? 17.4[dB]????Periphery
method????? 13.6[dB]????? 6.5[dB]????????????????? 50
??????????????? PSNR???? 36.2[dB]????? 39.3[dB]????
Periphery method????? 15.6[dB]????? 21.4[dB]?????????????
????????? Periphery method????? PSNR??????????????
???????????????????????????????
PSNR??? (5.1)?(5.2)???????(5.2)?Sij??????????S 0ij????
????????????PSNR?????????????????????????
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?????
PSNR = 10 log10
MAX2
MSE
[dB] (5.1)
MSE =
PN 1
i=0
PN 1
j=0 (Sij   S
0
ij)
2
N2
(5.2)
3? ??????????????????
???????????????????????????????????????
??????????????? 5.5?? 5.7?? 5.8?? 5.9????
(a) ?? (b) ??
? 5.7: ??????
(a) ?? (b) ??
? 5.8: ????????
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(a) ?? (b) ??
? 5.9: ?????????????
?????PSNR??5.1???????????????PSNR??36.2[dB]?39.3[dB]
???????????????PSNR?49.4[dB]?45.4[dB]???????PSNR??
??????????????????? 3???????????????????
?????1???????????????????????? PSNR???????
??????????????????????????????? PSNR?????
??Periphery method???????????????????? PSNR??????
????
? 5.1: ??????? (PSNR[dB])
???? ???? ????? ??????? ???????
?? 36.2 49.4 30.9 18.4
?? 39.3 45.4 34.7 22.7
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?6? ??
??????2????????????????????????????????
??????????????????????????????????????? 3
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????3???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????
??????? 3???????????????????????????????
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